Abstract: In metal electrodeposition in the limiting diffusion current density range, the deposition current density remains constant regardless of the deposition overpotential used. At the same time, the larger the deposition overpotential is the more disperse is the formed deposit, which is characterised by an increased specific surface. The difference in the specific surface of disperse deposits obtained at two different overpotentials in the limiting diffusion current density range is correlated with the difference between the deposition overpotentials. Amethod for the estimation of the surface tension of solid copper in copper sulfate solutions is also proposed.
INTRODUCTION
It is well known that the surface coarseness during potentiostatic electrodeposition under mixed activation/diffusion control increases with increasing deposition current density. 1, 2 It also increases during potentiostatic electrodeposition at the limiting diffusion current density with increasing overpotential, 3, 4 resulting in the formation of disperse deposits. The last effect can be easily explained. In the limiting diffusion current density range, the deposition current density is practically the same, being independent of the deposition overpotential.
The deposition overpotential, h, in the region of mixed activation -diffusion control is given by: .
where b c in the cathodic Tafel slope and j, j 0 and j L are the deposition, the exchange and the limiting current density, respectively. The activation part of the deposition overpotential required for the charge transfer, h a , given by Eq. (2):
and the rest of the overpotential, h diff , given by Eq. (3):
is due to mass transfer limitations. In the limiting diffusion current density range, Eq. (1) can be rewritten in the form
where
being equal to the critical overpotential for the initiation of dendritic growth 4 and equal for all the overpotentials on the limiting diffusion current density plateau. At the same time, for j ® j L h diff ® ¥
It is obvious that a very small increase in the current density, which can be neglected relative to the current density close to the limiting diffusion current density, causes a large increase in deposition overpotential. Hence, the charge transfer overpotential and the ohmic drop in the solution remain the same for all overpotentials belonging to the limiting diffusion current density plateau, regardless of the deposition overpotential. This is because both of them depend on the current density only. On the other hand, an increase of the deposition overpotential in the limiting diffusion current density range causes a strong increase of the dispersity and an increase of the specific surface area of metal deposits. Hence, it seems reasonable to assume that the difference in deposition overpotential can be related to the increase of the specific surface of the deposited metal by the relation: 5
where I is the deposition current, t is the deposition time, h 2 and h 1 are the deposition overpotentials being within the limiting diffusion current density range, S 2 and S 1 are the surface areas of electrodeposits obtained by quantity of electricity Q:
at the overpotentials h 2 and h 1 , respectively, and g is the surface tension of solid copper.
Eq. (8) can be rewritten in the form:
for the direct determination of the surface tension of solid copper in sulfate solutions. The platinum substrate was covered with a thin copper film by deposition at an overpotential of 300 mV for 2 min, and after allowing the diffusion layer to relax for 15 min, the current at an overpotential of 50 mV I 50,0 was recorded, being proportional to the surface layer of the electrode (0.45 cm 2 ). The overpotential was then adjusted to the desired value and deposition was carried out. After the required quantity of electricity had been reached, the overpotential was decreased to 50 mV and, after relaxation of the diffusion layer for 15 min, the current, I 50,h , corresponding to the surface S generated during the deposition, I 50, h was determined as well as the surface area S from:
During the depositions I -t dependences were recorder and the quantity of electricity was determined by graphical integration.
RESULTS AND DISCUSSION
The polarization curves for copper deposition are presented in Fig. 1 , from which the positions of the deposition overpotentials on the limiting diffusion current density plateaus can be seen, the results of the surface tension estimations are given in Table I for The results obtained can by verified in the following way. It is well known that at deposition overpotentials larger than some critical value the formed deposit is not compact, but powdery and characterised by a very large surface area. 6 Hence, for S 2 >> S 1
On the other hand, the quantity of electrodeposited metal, m, is given by
assuming a current efficiency equal to 1, where A is the atomic mass of the deposited metal, n is the number of electrons in metal deposition reaction and F is the Faraday constant. From Eqs. (12) and (13), the specific powder surface S sp is obviously:
According to Calusaru, 6 the specific surface of copper powder is 500 -3000 cm 2 g -1 depending on the deposition conditions. Using the difference in the actual deposition overpotential and the overpotential of the beginning of the limiting diffusion density plateau as 0.80 V, g determined in this way as 2.7 J cm -2 , atomic mass of copper, number of electrons 2 and F = 96 485 C mol -1 , it is easy to calculate using Eq. (14)
S sp = 1100 cm 2 g -1 which is in fair agreement with the findings of Calusaru. 6 It is obvious that using this value of the surface tension and Eq. (14), the specific surface of cupper powder can be calculated for each deposition conditions, if the deposition overpotential and the overpotential of dendritic growth initiation from the electrolyte under consideration are known. In this way, one of the most important characteristics of copper powder is related to the deposition overpotential and hence to the deposition conditions. It can be seen from Tables I-III that there is no remarkable difference in the values of the copper surface tension determined from different solutions.
However, it seems that the lower limit of the concentration which can be used is 0.05 M CuSO 4 and the copper limit 0.20 M CuSO 4 , because of the slopes of the plateaus of the polarization curves.
The results obtained are also in accordance with data concerning the energy requirements for electrolytic copper powder deposition. 7 On the other hand, a change of the value of the surface tension with changing overpotential can be expected. For example, in the case of liquid mercury, the surface ten-sion changes from 350 erg cm -2 at + 0.5 V to more than 400 erg cm -2 at 0 V and again to 350 erg cm -2 at -1.0 V versus the hydrogen electrode, 8 which amounts to a difference of about 20 % between the minimum and mazimum values. In the case of solid electrodes, a number of interfacial properties change with changing potential, permitting the determination of the zero charge potential 9,10 but without a direct relation with the surface tension of solid metal. Regardless of this, it is reasonable to assume that the differences in the surface tension of solid copper at different electrode potentials should be considerably lower than in the case of liquid mercury and that the values of surface tension determined by the procedure described in this paper can be taken as good estimations.
